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Abstract 
In the present work hydrogen isotopes exchange in recrystallized tungsten was investigated after sequential exposures to low 
energy deuterium (D) and helium-seeded protium (He-seeded H) plasmas at sample temperatures of 403 and 533 K. The total 
amount of deuterium retained in the recrystallized tungsten was measured by termodesorption spectroscopy (TDS). The results 
were compared with the amounts of deuterium retained in the top 8 ȝm layer measured by the D(3He, p)4He nuclear reaction 
(NRA). It was found that deuterium mainly accumulates in a relatively thin surface layer (10-20 microns) at Texp = 403 K and a 
thicker layer at Texp = 533 K. A significant part of the deuterium retained in tungsten after primary D plasma exposure was 
released during sequential exposure to a protium plasma. However, seeding of He ions into the H plasma reduces the amount of 
released deuterium. Deuterium depletion strongly depends on the temperature of the sample.  
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering 
Physics Institute)  
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1. Introduction 
Tungsten (W) is one of the candidate materials for plasma-facing structures in future fusion reactors. One of the 
main requirements for materials contacted with fusion plasma in a reactor is low tritium accumulation (Federici et al. 
(2001)). In a fusion reactor W will be irradiated by intense fluxes of deuterium (D), tritium (T) and helium (He) ions. 
As it was shown by Alimov et al. (2011) the hydrogen isotope retention in W materials can reach relatively high 
values (~1022 atoms/m2) at temperatures around 500 K after high flux hydrogen plasma exposure. This T retention in 
plasma-facing materials is close to the tritium safety limit in ITER and would require removal of the retained tritium. 
Hydrogen isotope exchange might be one of the possible ways to remove the retained tritium. But He impurities  
(which are the product of the fusion reaction) will always be present in a fusion reactor and may significantly 
influence hydrogen isotope exchange. 
In recent experiments of Roth et al. (2013) it was observed that in W exposed initially to a D plasma and 
subsequently to a protium (H) plasma, deuterium is released from layers located at depths of 1-2 μm at room 
temperature and from depths up to 6 μm at 430 K. It has been suggested that H is accumulated in defects generated 
in W under the initial D plasma exposure.  
As it was reported by Alimov et al. (2009) and Baldwin et al. (2011) the presence of He ions in the plasma 
significantly affects the accumulation of hydrogen isotopes in W. It has been shown that the addition of He in a D 
plasma reduces the accumulation of deuterium in W at high exposure temperatures (440-650 K), compared with pure 
D plasma exposure.  
The aim of this work was to study the processes of isotope exchange in tungsten in the case of sequential 
exposures to D and mixed H-He plasmas. The first part of this work has been published in N.P. Bobyr et al. (2015) 
and contains data on sample preparation, plasma exposure and data about D retention obtained by nuclear reaction 
analysis (NRA). In continuation of this work a termodesorption spectroscopy (TDS) experiments were performed. 
Also the surface morphology of the samples was investigated. 
2. Experimental 
Samples of polycrystalline tungsten (A.L.M.T. Corp., Japan) with a purity of 99.99 wt%, 10×10×2 mm3 in size 
were used in this work. The samples were recrystallized at 2073 K by annealing in hydrogen atmosphere after 
cutting and polishing to a mirror surface. The grain size of the recrystallized W ranged from 20 to 200 μm.  
The W samples were exposed to D and to H or He-seeded H plasmas in the LENTA linear plasma facility 
[Khripunov et al. (1995)] operated by a beam-plasma discharge driven by an electron beam with the plasma column 
about 2 cm in diameter. The sample holder allows irradiating two samples by plasma under identical conditions 
simultaneously. The samples were positioned along the axis of the plasma column and the sample surfaces were 
parallel to the magnetic field. A -94 V bias was used for D plasma exposure and a -52 V bias was used for 
subsequent H and He-seeded H plasmas irradiation. The flux of ions to the sample surface was in the range (1.8-
4.8)×1020 ions/m2s consisting mainly of D+ or H+ ions. The temperature of the samples during irradiation was driven 
by energy released at the target during ion irradiation, and was measured with a thermocouple pressed in the holder 
and contacted with the rear side of the sample. Fine adjustment of the temperature was carried out by changing the 
plasma density, and hence the plasma flux to the sample. The samples were exposed to the plasmas at temperatures 
of 403 and 533 K. For each sample exposed at 403 K, the ion fluxes and fluences were fixed at 1.8×1020 ions/m2s 
and 3.3×1024 ions/m2, respectively. At the exposure temperature of 533 K, the fluxes and fluences were 4.8×1020 
ions/m2s and 4.1×1024 ions/m2.  
To generate D, H, and He-seeded H plasmas, D2, H2, and H2+10%He gas mixtures were used, respectively.  
TDS analysis was performed at the UHV TDS stand at MEPhI (Moscow) six months after the plasma exposure 
and NRA measurements. The base pressure in the system was 2×10-9 mbar. Desorption of deuterium containing 
(HD, D2, HDO, D2O) and other molecules was monitored by a quadrupole mass spectrometer Pfeiffer Prisma QMS 
200M1. The sample temperature was measured by a W-Re thermocouple directly welded to the sample. The heating 
rate was 2 K/s. Details of the setup can be found in the work of Rusinov et al. (2009).  
The surface morphology was studied by scanning electron microscopy (SEM) with focused ion beam (FIB). 
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3. Results and discussion 
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wider peaks in the TDS spectra for the experiments at 533 K also indicate a deeper profile of accumulated 
deuterium. 
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Fig. 2. (a) TDS spectra (mass 4) from recrystallized W exposed to D and H plasmas sequentially, and to D and (H-He) plasma sequentially at 
403 K and 533 K with a fluence of (3.3-4.1)×1024 D(H)/m2. (b) D retention in the top surface layer (NRA) and in the whole sample (TDS) in 
recrystallized W exposed at the same temperature to D and H plasmas sequentially, and to D and (H-He) plasma sequentially with fluences of 
3.3×1024 D(H)/m2 (Texp = 403 K) and 4.1×1024 D(H)/m2 (Texp = 533 K), as a function of the exposure temperature. NRA data taken from the work 
of Bobyr et al. (2015). 
In the case of subsequent exposures to D and H plasmas at Texp = 533 K the deuterium depletion takes place 
across the whole analyzable depth (Bobyr et al. (2015)). It may be suggested that this exposure temperature is 
sufficiently high to activate the detrapping process for deuterium. The probability of replacement of initially retained 
deuterium by protium depends on the detrapping energies for defects responsible for retention of hydrogen isotopes, 
exposure temperature, and concentration of replacing isotopes in the solute state (Hatano et al. (2013)). Seeding of 
He ions into the H plasma may cause formation of open porosity, that in turn increases the H re-emission flux and 
decreases significantly the solute H concentration. At these conditions, the deuterium depletion from the W bulk 
(≥ 0.5 μm) is negligible. From the TDS data one can see that even after exposure to a pure H plasma there is still a 
significant amount of D in the sample, which means that the time of exposure should be increased in order to 
achieve deeper isotopic exchange. 
4. Summary 
Hydrogen isotope exchange has been studied in recrystallized tungsten after (i) sequential exposure to low-
energy (52-94 eV) deuterium and protium plasmas and (ii) sequential to low-energy deuterium and helium-seeded 
protium plasmas to fluences of 3.3×1024 and 4.1×1024 D(H)/m2 at temperatures of 403 and 533 K. Plasma exposure 
at this parameters leads to blister formation on the surface of W. A major portion of deuterium initially accumulated 
in W is released under subsequent exposure to the H plasma at depths up to 3 ȝm for Texp = 403 K and more than 8 
ȝm for Texp = 533 K. Seeding of He ions into the H plasma at Texp = 403 K reduces slightly the deuterium depletion, 
while at Texp = 533 K the reduction in deuterium depletion becomes negligible. 
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